Background: The quantitative assessment of airborne cleaning exposures requires numerous measurement methods, which are costly and difficult to apply in the workplace. Exposure determinants can be used to predict exposures but have yet to be investigated for cleaning activities. We identified determinants of exposure to 2-butoxyethanol (2-BE), a known respiratory irritant and suspected human carcinogen, commonly found in cleaning products. in addition, we investigated whether 2-BE exposures can be predicted from exposure determinants and total volatile organic compounds (TVoCs) measured with direct reading methods, which are easier to apply in field investigations.
conditions among domestic and industrial cleaning workers (Jaakkola and Jaakkola, 2006; Medina-Ramon et al., 2006; Kogevinas et al., 2007; Massin et al., 2007; Mirabelli et al., 2007; Arif et al., 2008 Arif et al., , 2009 Charles et al., 2009; Delclos et al., 2009; Obadia et al., 2009; Zock et al., 2010) . Further epidemiologic investigations of cleaning health effects and studies of dose-response associations in occupational setting will require quantitative exposure data. The quantitative assessment of exposures to cleaning agents is challenging given that cleaning products are complex mixtures of ingredients with different chemical and physical properties (Wolkoff et al., 1998; Bello et al., 2010; Quirce and Barranco, 2010) . Airborne measurements of workplace exposures require a variety of integrated sampling and measurement methods, which are costly and sometimes difficult to apply in field investigations. An alternative to quantitative measurements in the workplace, traditionally utilized by exposure scientists and occupational hygiene practitioners, is the identification of exposure determinants (Burstyn and Teschke, 1999; Burdorf, 2005) . Knowledge of determinants to cleaning exposures can serve industrial hygiene practitioners when developing exposure control strategies and can provide the bases for exposure estimates for epidemiologic studies of cleaning-related health effects.
Our work focused on 2-butoxyethanol (2-BE), a known respiratory irritant and suspected human carcinogen, commonly used in commercial and residential cleaning product formulations (Wolkoff et al., 1998; Zhu et al., 2001; International Agency for Research in Cancer, 2006; Bello et al., 2009) . We identified statistically significant exposure determinants of airborne 2-BE generated during bathroom cleaning tasks and developed statistical models for estimating workplace exposures with exposure determinants. In addition, we investigated if 2-BE exposures can be estimated from concentrations of total volatile organic compounds (TVOCs) measured with direct reading instruments (DRIs), which are easy to apply in the workplace. Photoionization detectors (PIDs) are commonly used DRI in practice, yielding the nonspecific measure of TVOC concentrations. We hypothesized that the airborne concentrations of 2-BE would be predicted from statistical models with TVOC and other exposure determinants. This work is intended to contribute to a broader exposure assessment strategy for an epidemiologic investigation of asthma and exposures to cleaning agents.
METHoDS

Study design
A quasi-experimental study design was conducted by performing cleaning tasks in actual worksites under controlled environmental conditions. Prior to the task simulations, we identified products and conducted observational analyses of cleaning tasks performed routinely in two hospitals and one university in Massachusetts. Workplace practices related to product application methods, worker's physical movements and proximity to cleaning products, average task duration, and typical room dimensions were identified and used to guide the simulations.
Potential exposure determinants were identified through a review of the literature. (Zhu et al., 2001; Nazaroff and Weschler, 2004; Singer et al., 2006; Bello et al., 2010) . They consisted of the type of task performed, type of product used, concentrations of 2-BE in products used, amount of the products used, volume of the room where cleaning was performed, its ventilation status, and the temperature and humidity in the room. Potential determinants were incorporated in the study design. A total of 30 cleaning tasks were performed using cleaning products in the environmental conditions presented in Table 1 (see statistical analyses section for sample size determination).
Cleaning tasks simulations
Cleaning tasks simulated consisted of sink, mirror, and toilet bowl cleaning, using a general purpose cleaner, a glass cleaner, and a bathroom cleaner, respectively. The work of this paper focused on bathroom cleaning, a microenvironment associated with the highest exposures from a qualitative assessment of routine cleaning tasks in hospitals (Bello et al., 2009) . Cleaning products were selected from the set of products used for common cleaning tasks in the worksites visited ( Table 2 ). The main criteria for product selection were that the products must contain 2-BE and must be task specific. As typically used in the workplace, the products were sprayed and then wiped using paper towels for mirror and sink cleaning and a brush for toilet bowl cleaning. Workplace observations showed that the time of cleaning tasks varied between 3 and 10 min, depending on the surface dirtiness and the number of toilet bowls, sinks, and mirrors in one bathroom. The duration of the simulated tasks was set as 5 min for the following reasons: (a) the short-term exposure data can be important for studying acute respiratory symptoms and asthma among cleaning workers; (b) the 5-min duration seemed reasonable because it fell within the limit of workplace durations; and (c) our pilot quantitative data indicated that 5-min sampling was feasible to reach the limit of detection of the analytical method.
To investigate the effect of 2-BE product concentrations on airborne exposures, two different dilution rates were applied for each product. Product concentrations of 2-BE ranged from 0.5% to 10% by weight, which was typical of concentrations found in the workplaces visited. Concentrations in the products were not measured in laboratory settings but were obtained from the products' Material Safety Data Sheets (MSDS), an inexpensive data collection method that can be used in the workplace by occupational hygiene practitioners. In addition, to compare airborne concentrations by task, independently of product type, we performed a set of mirror, toilet bowl, and sink cleaning using the same product: the general purpose cleaner ( Table 1 ). The amount of product consumed per task was recorded by weighing the container before and after each task. To investigate the effect of room volume on airborne exposures, tasks were performed in two bathrooms with different dimensions called the large and the small bathroom. The small bathroom had dimensions typical of a single patient hospital bathroom (46 × 65 × 93 in) and the large bathroom had dimensions typical of a public bathroom with three toilet stalls, four sinks and mirrors (129 × 200 × 120 in). The large bathroom was ventilated continuously, whereas the ventilation in the small bathroom was controlled by turning off the exhaust fan. Data on temperature and humidity were collected by sensors installed inside the DRI. Background concentrations of TVOC were measured at the beginning of each task using the DRIs. It was assumed that cleaning tasks were the only source of 2-BE in the room. Doors and windows were kept closed during the simulations and were opened only after cleaning tasks and measurement had stopped. Paper towels used were removed from the bathrooms after cleaning. Cleaning tasks were performed by two occupational hygienist researchers during random days within a 3-month period. The procedure was approved by the institutional review board at the University of Massachusetts, Lowell, USA.
Air sampling and measurement
Airborne measurements of 2-BE were conducted according to the National Institute for Occupational Safety and Health (NIOSH) 1403 sampling and analytic method (NIOSH, 2003) . Three replicate air samples were collected in the breathing zone of the researcher performing cleaning tasks using sorbent tubes that contained coconut shell charcoal. The charcoal inside the tubes was separated by glass wool in two different sections of the tube. The back section was analyzed separately from the front to investigate the possibility of breakthrough during sampling. Air sampling was performed with Gilian (Wayne, NJ) sampling pumps calibrated with a DryCal DC-Lite primary flowmeter (Bios International Co., Pompton Plains, NJ). Samples were collected at flow rate of 170-180 ml/min. Chemical analyses for 2-BE were performed on a Varian Saturn 2000 gas chromatograph-mass spectrometer (GC/MS) based on NIOSH 1403 (issue 3) method. The internal standard was 2-propoxyethanol at 5 µg/ml. The standards covered a range of 0.01-25 µg/ml 2-BE, and the calibration curve was linear with an R 2 of 0.998. The limit of detection was <1 ng/sample for the 1-µl injection. Analytical column and chromatographic conditions were as specified in the method. A total of 200 GC/ MS analyses were conducted {30 samples × 3 replicates × 2 samples/tube (front section and back section) + sampling blanks and quality control samples}. Quality assurance procedures included daily instrument tuning/check, daily calibration curves with standards and control samples spread randomly throughout the sequence, procedural, laboratory and field blanks, documented chain of custody, and proper handling of samples. All samples and standards were run in duplicates.
Simultaneously with 2-BE, we measured TVOC using two PID instruments from Gray Wolf Sensing Solution (Direct Sense TVOC-TG-502, Shelton, CT), which differ from each other by the scale of measurements. The first PID featured a part per billion (ppb) sensor that measures concentrations of TVOC from 0.02 to 20 ppm, and the second PID features a part per million (ppm) sensor that measures concentrations from 0 to 3500 ppm. We used both instruments to evaluate the range of TVOC concentrations during cleaning tasks because quantitative exposure data in the literature were limited. The calibration of the ppb sensor was performed at 0 ppm with free air and 7.5 ppm with isobutylene. The calibration of the ppm sensor was done similarly at 0 and 100 ppm. TVOC concentrations were recorded every 15 s. Both TVOC average and maximum values for 5-min tasks were used for the statistical analyses.
Statistical analysis
Exposure data analyses were performed with Statistical Analyses Software (SAS) Version 9.2 (SAS Institute Inc.). Univariate and multivariable regression models were constructed with 2-BE airborne concentrations (measured in ppm), where the independent variables consisted of product type, task type, 2-BE product concentration, room volume, room ventilation, temperature, humidity, and the amount of the product used per task. Product type was categorical with three levels: general, glass, and bathroom. Task type was categorical with three levels: sink, mirror, and toilet. The product concentration of 2-BE (see Table 1 for concentration ranges reported in each product) was treated as a categorical variable with two levels "low and high." A cut point concentration of 2.5% by weight was used because approximately half of the products had 2-BE concentrations above and half below this value. Other categorical variables consisted of room volume with two levels "small or large" and ventilation as "present or absent." Room temperature and humidity were treated as continuous using the 5-min average data recorded by the PID. The amount of product was also continuous and expressed as mg product consumed per task.
Determinants were studied in multivariable models using generalized linear models (GLM) procedure in SAS. GLM was chosen because it is most appropriate for estimating effects from observational studies where balanced data structures are lacking. The goal was to develop a model that would contain the minimum number of variables with the highest R 2 . Initial univariate analysis was performed to identify significant determinants for multivariable modeling building. Multivariable models initially were built with all combinations of these determinants by adding variables one at a time and evaluating improvement in goodness of fit and confidence intervals of all included variables at each step. A final model was identified as the model with all covariates with P < 0.05. Airborne concentrations of 2-BE were normally distributed; Ventilation in the small bathroom was controlled by using an exhaust fan. We had no control over the ventilation status in the large bathroom, which was continuously ventilated. d Product concentration of 2-BE, as percentage by weight range, were reported on the MSDS for each product.
e Standard deviation of 2-BE air concentrations for three replicate samples. Sampling of 2-BE was performed using sorbent tubes with coconut shell charcoal. A total of 90 breathing zone samples were collected actively at a flow rate of 170-180 ml/min. Charcoal tubes were analyzed with GC/MS according to the NIOSH 1403 method. The average 5-min air concentrations are reported in ppm. Downloaded from https://academic.oup.com/annweh/article-abstract/57/1/125/211913 by guest on 23 November 2018 therefore, the log-transformation was not deemed necessary. Regression plots were examined for evidence of poor model fit and data with excessive influence or leverage. Residual plots did not reveal any serious violations of modeling assumptions. When designing the study, we performed power size calculations to determine the number of tasks necessary to investigate the 2-BE-TVOC association. The minimum sample size was calculated through power calculations for multiple regression and correlations (using α = 0.05 and expected correlation coefficient of 0.60, which was calculated from the exposure data of our previous study; Bello et al., 2010) . Power calculation results indicated that 26 statistical samples were needed, a sample size which we used to determine the number of exposure measurements during the experimental design (the final number of tasks performed was 30, see Study Design section).
rESulTS
Airborne concentrations of 2-BE and TVOC
Airborne concentrations of 2-BE were normally distributed. The average concentration across different tasks was 3.77 ppm (SD = 2.24), and the highest value of 8.7 ppm corresponded to mirror cleaning, when the general purpose cleaner was used in the small unventilated bathroom (Table 1) . GC/MS analyses of the back portions of the sampling tubes indicated that breakthrough had not occurred during the 5-min integrated sampling.
To characterize TVOC exposures, we explored two exposure measures: the average (TVOC_ave) and the maximum (TVOC_max) concentrations recorded for 5-min tasks. Concentrations recorded by the ppb sensor ranged between 88 and 2910 ppb TVOC_ave and 207-7198 ppb TVOC_max; and results by the ppm sensor ranged between 0 and 3.6 ppm TVOC_ave and between 0 and 9.8 ppm TVOC_max. Although the highest concentrations recorded by both sensors were somewhat similar, we would like to emphasize the underestimation of the low range exposures by the ppm sensor compared with the ppb sensor (0 ppm vs. 88 ppb). Overall, TVOC concentrations recorded by both sensors were highly correlated with each other. Correlation was stronger for the TVOC_max measures (correlation coefficient = 0.96, P = 0.0001) compared with the TVOC_ave measures (correlation coefficient = 0.85, P = 0.0001). In addition, we found strong correlations between 2-BE and TVOC concentrations recorded by both sensors (correlation coefficients ranged from 0.64 to 0.77). The strongest correlation was between 2-BE and TVOC measured by the ppb sensor (Figure 1 ).
Exposure determinants
Univariate models identified strong associations between 2-BE air concentrations and all potential determinants except amount and humidity (Table 3) . Airborne concentrations were two times higher when the general purpose cleaner was used compared with the other product types. Glass cleaners produced 15% less exposures compared with the toilet bowl cleaners (Table 3) . Concentrations during sink cleaning were 57% higher compared with the mirror cleaning. The highest value of 8.7 ppm was measured during mirror cleaning in the small unventilated bathroom (Figure 2 ). In addition, exposures from toilet bowl cleaning were 48% lower compared with sink cleaning. Concentrations of 2-BE were 46% higher when the tasks were performed without ventilation compared with when the tasks were performed with ventilation. They were 47% lower in the large bathroom compared with the small one ( Figure 2 ). Even when ventilation was present in both bathrooms, airborne concentrations were higher in the small bathroom compared with the large one ( Table 1 ). The amount of the products consumed per task (range, 11-38 mg) was not a significant predictor of 2-BE (P = 0.77), nor was humidity (P = 0.67) ( Table 3 ). The temperatures in both rooms were not controlled in the design and varied modestly from 22.6°C to 27.2°C. Temperature was negatively associated with 2-BE concentrations, but by chance temperature and room volume were correlated (the larger room was warmer), and so only the room volume was included in the multivariable model.
Multivariable regression models
The best-fit model with exposure determinants was the one that consisted of product type, task type, room volume, room ventilation, and 2-BE product concentration (Table 4) . This model with five variables explained 77% of the variability in the 2-BE airborne concentrations measured.
Univariate models with TVOC measures produced lower R 2 compared with the multivariable models with TVOC and other determinants. Because the ppb sensor measures performed better (higher R 2 ) compared with the ppm sensor measures, only the results from the ppb sensor were included in multivariable modeling. The best-fit model with TVOC_ave was the one with product type and room ventilation (R 2 = 68%, results not shown), whereas the best model with TVOC_max was the one with product type and room volume (Table 4 ). All other variables were not significant once entered into the model that had three previous variables.
DiSCuSSion
Quantitative assessments of airborne cleaning exposures are challenging because cleaning products are complex mixtures of chemicals that require multiple sampling and analytic measurement methods. The goal of this study was to develop easier and less expensive methods that can be used in field investigations of airborne cleaning exposures and their effects on respiratory health. To accomplish this goal, we measured cleaning exposures generated under controlled conditions and identified the characteristics of the products, tasks, and work environment that were significant determinants of airborne concentrations of 2-BE. The determinants, such as spraying versus wiping product or the presence or absence of ventilation, are those for which information can be collected readily in the field and for which interventions to improve safety and health are possible. In addition, we developed 2-BE exposures prediction equations based on exposure determinants and TVOCs measured with direct reading methods. Our results show that product type is a significant determinant of 2-BE air concentrations. Previous laboratory emissions studies and epidemiologic investigations (Zhu et al., 2005; Zock et al., 2007; Arif et al., 2009; Charles et al., 2009; Obadia et al., 2009; Zota et al., 2010) of asthma and from cleaning have also identified cleaning products as important determinants of cleaning exposures. In practice, products have been at the center of efforts to reduce or eliminate harmful exposures associated with household and commercial cleaning. Green cleaners, broadly defined as products that are safer for the environment, have been introduced commercially. Government agencies and nonprofit organizations, including the US Environmental Protection Agency and Green Seal, have developed guidelines and standards to help the cleaning industry certify green products. However, because of the lack of a unified standard to determine what is "green," the selection of products in practice is challenging. What is considered green for one organization is not green for another; and human toxicity in not always considered. A major contributor to this situation is the lack of toxicological data and comprehensive health effect studies on the ingredients comprising cleaning mixtures. The ongoing effort to develop green cleaning alternatives is essential and preferable to the traditional occupational hygiene control measures (e.g. ventilation, personal protective equipment, and other engineering controls) because it eliminates exposures at the source. However, our results indicate that focusing only on the product may not be sufficient to reduce exposures from cleaning.
We found that in addition to the product type, exposures are a function of the manner in which the cleaning tasks are performed. This suggests that evaluation of cleaning tasks is important for reducing cleaning exposures, independently of the product type. Recent environmental discussions about the benefits of green cleaning have focused on the products without considering the manner in which they are applied. Although our study did not evaluate green cleaning products per se, we believe our findings suggest that a full evaluation of their effects should include how they are applied. One criterion commonly used to certify green cleaning products is the low content VOC contents of the mixture, with the main goal to reduce inhalation exposures to volatile ingredients. However, if this product is applied via aerosolization, the risk for inhalation exposures is now shifted toward the aerosol particles of nonvolatile ingredients. Thus, the use of the green product in this case cannot assure inhalation exposure reduction. In the process of developing green alternatives and understating cleaning exposures, it is essential to consider the analysis of tasks and the manner of product application to ensure the protection of workers from cleaning associated risks. The mean concentration of 2-BE was higher for sink cleaning compared with mirror and toilet bowl cleaning tasks, probably because of the higher concentrations of 2-BE in the general purpose cleaner used for sink cleaning (Figure 2) . However, when the same general purpose cleaner was used for all tasks, mirror cleaning produced higher exposures in the small unventilated room compared with other tasks (Table 1) . Because both sink and mirror cleaning involved the same manner of product application, this difference in concentrations is likely due to the relative position of the sink and mirror from the sampling device. The mirror was positioned above the level of the sampling device (in breathing zone of the person who performed cleaning tasks), and the sink was positioned under it. The chance for sampling aerosol particles generated from product spraying is higher when the product is sprayed above (mirror cleaning) versus below (sink cleaning) the breathing zone. Another likely cause can be the larger surface area of the mirror, resulting in a larger surface-air interface and elevated release of 2-BE from the surface as it dries. Concentrations during toilet bowl cleaning were smaller than during sink cleaning, possibly due to the dilution of chemicals in the water present in the toilet bowl compared with product spraying applied in the dry surface during sink cleaning.
Ventilation status (presence or absence) and room volume were also important determinants of airborne 2-BE exposures. These findings are consistent with results of other studies focused on indoor exposures to VOC (Molhave et al., 1997; Nazaroff and Weschler, 2004; Sundell et al., 2011) . We observed a significant decrease on airborne concentrations when ventilation was present in the small bathroom, indicating that evaluation of ventilation in practice is important for controlling cleaning exposures. When possible in practice, natural ventilation (e.g. opening the windows) can be used to reduce exposures from cleaning tasks. Independently of the ventilation status, the room volume was also a significant determinant, suggesting that the priority for exposure control should be directed to reducing exposures in smaller rooms.
Although a few studies report that the amount of product consumed can contribute to the quality of the indoor air (Nazaroff and Weschler, 2004), we did not find this to be a strong predictor of airborne 2-BE. Our findings are likely due to the small variability of the amount of products used across tasks, given that duration was held constant. It is likely that the amount of products used in the workplace will vary by task; therefore, amount should be explored in future investigations. In practice, the amount of products used per task could be ascertained from data on daily product consumption and the frequency of tasks per day. Similarly, we found that humidity was not a significant determinant, probably because of its small variations during short-term tasks. Because temperature and room volume were highly correlated, we were unable to estimate their effects separately. Only room volume was included in model building, with the assumption that it will be more variable in the workplace than temperature. In future studies, if temperature is found to vary substantially, it should be evaluated separately.
In a third (33%) of the exposure scenarios, the airborne concentrations of 2-BE were above the NIOSH recommended exposure limit (REL) 8-h TWA of 24 mg/m 3 or 5 ppm (NIOSH, 2010) . In general, the highest concentrations (range, 5.1-8.7 ppm) were measured during the worst exposure scenarios in the small bathroom without ventilation; however, in a few cases, concentrations in this range were found in the small bathroom when ventilation was present. The actual workplace duration of tasks will vary based on the size of the surfaces and their dirtiness; however, the 5-min task duration we used was realistic. These results warrant future workplace investigations.
In addition, we found strong correlations between 2-BE and TVOC concentrations, indicating that direct reading measurements of TVOC from the products that contain 2-BE in the workplace should be considered for quantitative exposure assessment strategies. However, consistent with our previous investigation and other studies, we observed an overall underestimation of exposures by the DRI monitor, which should be considered when estimating 2-BE exposures (Coy et al., 2000; Bello et al., 2010) . Among all TVOC exposure measures we explored, concentrations of 2-BE were best explained by the TVOC maximum (R 2 = 0.72) compared with TVOC average (Rin the workplace, the ppb sensor can be more relevant. However, to avoid any exposure underestimation, initial screening in the workplace must involve assessment using both sensors.
A strength of our work relates to the controlled environmental conditions, which permitted the identification of important determinants of 2-BE exposure useful for prediction models with high R 2 values. Results from the multivariable regression analyses indicate that among all exposure prediction models tested, the final model with the highest R 2 was the one including type of product, type of task, concentration of 2-BE in the product, volume of the room, and ventilation status of the room. Data for these five determinants can be collected from questionnaires, MSDSs, workplace observations, and building specifications. Similar models that predict exposure from work environmental factors could be useful for large epidemiologic investigations because they could predict airborne concentrations of 2-BE without workplace measurements. When TVOC measurements are available, we found we could predict 2-BE using TVOC, product type, and room volume information. These models could also be used by health professionals for identifying tasks with the highest exposures for compliance assessment. Although these results are encouraging, they cannot be generalized, and we recommend that they be evaluated in the workplace settings. For example, actual bathroom exposures may vary for several reasons: (a) the duration of tasks is not constant for 5 min across all tasks in the workplace; (b) tasks are performed sequentially and not independently as we have done here; and (c) the products used in the workplace may be comprised of different chemical mixtures. Despite these limitations, this work is a first step toward a quantitative occupational assessment of cleaning and a systematic evaluation of cleaning exposure determinants.
ConCluSionS
Our results provide evidence that task in addition to product is an important determinant of airborne exposures from cleaning. The findings suggest that practical interventions for reducing exposures should be focused not only on the products but also on the way that tasks are performed. Our work also indicates that the quantitative assessment of exposures to cleaning agents for an epidemiologic investigation of health effects may be feasible, even without extensive integrated sampling and analytic measurements if information about significant exposure determinants can be obtained.
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